Accurate measurement of cell division is a fundamental challenge in experimental biology that becomes increasingly complex when slowly dividing cells are analyzed. Established methods to detect cell division include direct visualization by continuous microscopy in cell culture, dilution of vital dyes such as carboxyfluorescein di-aetate succinimidyl ester (CFSE), immuno-detection of mitogenic antigens such as ki67 or PCNA, and thymidine analogues. Thymidine analogues can be detected by a variety of methods including radio-detection for tritiated thymidine, immuno-detection for bromo-deoxyuridine (BrdU), chloro-deoxyuridine (CldU) and iodo-deoxyuridine (IdU), and chemical detection for ethinyldeoxyuridine (EdU). We have derived a strategy to detect sequential incorporation of different thymidine analogues (CldU and IdU) into tissues of adult mice. Our method allows investigators to accurately quantify two successive rounds of cell division. By optimizing immunostaining protocols our approach can detect very low dose thymidine analogues administered via the drinking water, safe to administer to mice for prolonged periods of time. Consequently, our technique can be used to detect cell turnover in very long-lived tissues. Optimal immunofluoresent staining results can be achieved in multiple tissue types, including pancreas, skin, gut, liver, adrenal, testis, ovary, thyroid, lymph node, and brain. We have also applied this technique to identify oncogenic transformation within tissues. We have further applied this technique to determine if transit-amplifying cells contribute to growth or renewal of tissues. In this sense, sequential administration of thymidine analogues represents a novel approach for studying the origins and survival of cells involved in tissue homeostasis.
1. Dissolve thymidine analogues (CldU or IdU) in water. Weigh 1mg/ mL of each chemical and add to separate glass bottles of distilled water.
We typically prepare 1 liter of each at a time. 2. Dissolve the chemicals on a stir plate or other form of agitator. CldU will dissolve in 10 min. of agitation at room temperature. IdU requires more than an hour of agitation at 37°C in a shaker. Water sources can influence IdU solubility. If IdU remains unsuspended after overnight shaking, try a cleaner source of water. The solutions are stored at 4°C in the dark. 3. Administer the first thymidine containing solution (either CldU or IdU) to the mice for the desired labeling period. Do not allow mice to have access to unlabeled water during the period of label. When the designated labeling period is completed, begin a washout with unlabeled water for at least 24 hours (the thymidine containing analogues have serum half-lives of several hours). Administer the second thymidine containing solution (either CldU or IdU) to the mice for the desired labeling period. Refill water bottles regularly to prevent dehydration! 4. Alternatively, mice can be labeled by sequential intraperitoneal injection of CdlU and then IdU. Prepare CldU or IdU at 10mg/ mL concentration. IdU may require drop-wise addition of concentrated sodium hydroxide solution followed by vigorous shaking to go into suspension. Do not add excess sodium hydroxide. Add a single drop of sodium hydroxide to a 10 mL solution of IdU followed by an hour of agitation at 37°C in a shaker. If not in solution, repeat addition of sodium hydroxide. Inject 100mcg per g body weight into the intraperitoneal space. 5. Control slides are essential for this protocol. As a result, we strongly suggest investigators carry out several variations of thymidine analogue labeling to ensure sensitivity and specificity. These should include 1. Mice that were only labeled with CldU; 2. Mice that were only labeled with IdU; 3. Mice that were sequentially labeled with CldU and then IdU; 4. Mice that were sequentially labeled in reverse order, first with IdU 
Discussion
Our approach to thymidine-based approach to labeling cell turnover has many potential applications in biomedical research. To date, we have concentrated on the pancreas, but we have also applied this strategy to examine cell turnover of skin, gut, liver, adrenal, kidney, testis, ovary, thyroid, lymph node, hematopoiesis, and brain 1 . Because cell turnover varies from tissue to tissue, labeling strategies should be customized to obtain the most compelling information from the organ of interest. Morrison and colleagues used CldU and IdU for 1 day each to label hematopoiesis 2 . Kuhn and colleagues use CldU and IdU for 4 days each to detect cell division in regenerating myocardium 3 . In contrast, we have used CldU and IdU for up to 9 months total to label basal cell turnover within pancreatic islets, a tissue with minimal cell turnover as the animal ages 1, [4] [5] [6] . The most obvious potential application of our labeling strategy is for studies to define cell turnover within tissue homeostasis. But our technique has several other potential applications. For instance, we also recently applied this technique to identify oncogenic transformation within tissues, where focal areas of increased replication can be readily identified by increased incorporation of CldU or IdU 5 . Morrison and colleagues used CldU and IdU for 1 day each to test for label retaining behavior of hematopoietic stem cells 2 . We have also applied sequential thymidine analogue labeling to determine if transit-amplifying cells contribute to growth or renewal of tissues 1 . In this application sequential administration of thymidine analogues represents a novel approach for studying the origins and survival of cells involved in tissue homeostasis.
Thymidine analogues should not be used without caution. Synthetic thymidine analogues have potential toxicities to dividing cells, and their use could theoretically impair cell turnover in growing animals. Thymidine analogues have been used as radiosensitizing agents for cancer patients, and may slow cell turnover. Thus we urge investigators to cautiously investigate for potential toxicities in their tissue of interest. For example, Trumpp and colleagues find that systemic BrdU can force hematopoietic stem cells to enter cell cycle 7 . For instance, Rutter and colleagues observed that high dose thymidine analogues are toxic to developing pancreas 8 . More recently Hellerstein and colleagues at KineMed, Inc found that BrdU administration slows intra-islet proliferation by 16-25% using a proprietary heavy water labeling technique 9 . The whole islet preparations used by Hellerstein and colleagues contained many other endocrine and non-endocrine cell types, which could comprise as much as 50% of total islet preparations. However, we find that prolonged infusion of BrdU does not influence beta-cell proliferation in young adult mice, as measured by ki67 expression 4 . Similarly, long-term administration of CldU and IdU does not seem to impair beta cell mass expansion 1 . Moreover, beta cell proliferation rates are equivalent in between mice labeled with BrdU for long periods of time and mice that are only labeled for a few hours (rates are normalized to equivalent time periods). Together, these results suggest that mice can safely tolerate long-term lowdose administration of thymidine analogues. Still, we cannot rule out potential toxicity by thymidine analogues in pancreatic beta cell growth. As a result, we continue to perform controls when labeling mice with thymidine analogues, and urge other investigators to do so as well.
Our technique of sequential thymidine analogue labeling is not without pitfalls and technical challenges. As a result, control slides are especially important. We have generated control slides that consist of various tissues from 1.) Mice that were only labeled with CldU; 2.) Mice that were only labeled with IdU; 3.) Mice that were sequentially labeled with CldU and then IdU; 4.) Mice that were sequentially labeled in reverse order, first with IdU and then CldU; 5.) Mice that are mock labeled with only water. When learning to label with CldU and IdU, investigators should always carry out the entire protocol with all 5 above sets of slides from the tissue of interest.
Slight cross reactivity in between CldU and IdU is an unfortunate but unavoidable downside to labeling with both thymidine analogues. The CldU and IdU technique is based on differences in affinities in between antisera that were originally derived against BrdU in different species (mouse and rat). Our protocol, while cumbersome, is designed to minimize such cross reactivity. Consequently, we urge caution amongst investigators who consider skipping step(s) of the protocol. In particular, we have encountered problems with secondary antisera that are cross reactive in between mouse and rat. This can be minimized by the use of Jackson antisera that are fully cross-adsorbed in between mouse and rat.
We occasionally fail to adequately detect thymidine incorporation. In such instances it is critically important to use positive control slides to determine which reagent or step was not working. Difficulties are typically due to bad aliquots of antisera, dry slides, or inadequate nuclear permeabilization. We have failed to successfully label developing embryos with IdU. Thus, not all tissues may be permeable to IdU.
Alternatives to CldU and IdU for double thymidine analogue labeling are on the horizon. EdU (5-ethinyl-2 deoxyuridine) can be a substrate for copper catalyzed click chemistry detection 10, 11 . EdU detection methods do not require separation of DNA strands, and are thus highly amenable to analysis by flow cytometry 12 . EdU is compatible but not cross reactive with BrdU 10 . EdU has been used to quantify cell turnover of various mouse tissues including pancreatic beta cells 13 , intestinal L cells 14 and Epidermis
15
. EdU is fairly expensive at the moment ($1000 US per 500mg). Still, Edu detection appears to be much more sensitive than BrdU detection 10 . Thus, it might be economically feasible to combine EdU and BrdU instead of CldU and IdU. This method might also allow detection of three different rounds of cell division in mice triply labeled for EdU, CldU, and IdU.
In summary, our technique of sequential thymidine analogue labeling is a novel approach to detecting cell turnover. We hope our approach enables other scientists to more accurately quantify cell division, and expect that it will open new paradigms in tissue homeostasis.
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